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Zirconia-toughened alumina (ZTA) is of growing importance in
a wide variety of fields exemplified by ZTA prosthetic implants.
Unfortunately, ZTA composites are generally difficult to pro-
cess because of the need to preserve the tetragonal zirconia
phase in the final dense ceramic, coincident with the need to fully
densify the a-Al2O3 component. We report here that liquid-feed
flame spray pyrolysis of mixtures of metalloorganic precursors
of alumina and zirconia at varying compositional ratios provide
access in one step to core–shell nanoparticles, wherein the shell
is d-Al2O3 and the core is a perfect single crystal of tetragonal
(t-) zirconia. Pressureless sintering studies provided parameters
whereby these nanopowder compacts could be sintered to full
density (499%) at temperatures just above 11001C converting
the shell component to a-Al2O3 but preserving the t-ZrO2 with-
out the need for any dopants. The final average grain sizes of
these sintered compacts are r200 nm. The resulting materials
exhibit the expected response to mechanical deformation with
the subsequent production of monoclinic ZrO2. These materials
appear to offer a low-temperature, low-cost route to fine-grained
ZTA with varied Al2O3:t-ZrO2 compositions.
I. Introduction
PARTIALLY stabilized tetragonal zirconia (PSZ) has receivedexceptional attention because it is a part of a special class of
ceramics noted for their high toughness.1–10 This toughness ex-
tends from grains responding to applied stress with a tetragonal
to monoclinic phase transformation coincident with a 4.0 vol%
increase creating stress fields around the transformed grain,
greatly limiting crack propagation, and thereby toughening
the ceramic.
Multiple additives are used to partially stabilize the tetragonal
phase during processing. Yttria is the most common additive
with 3 wt% typical for average grain sizes (AGSs)  1 mm
(3YPSZ, 1.6 unit mol%).11–17 The literature suggests that less
yttria is required to partially stabilize finer grained ceramics.17,18
For example, only 1.5 wt% is needed to stabilize materials with
AGSsr160 nm.
3YPSZ materials are used for applications ranging from mul-
tiple types of prosthetic implants, to ceramic knives, thin-film
electronic devices, photonic band gap devices, to auto exhaust
catalysts.1–17 Unfortunately, 3YPSZ undergoes unwanted phase
transformation to the monoclinic phase in humid environments
even at ambient conditions.18–21 This problem is resolved by
forming composites with harder, higher tensile strength and
more weather-resistant materials e.g. a-Al2O3. Thus, 3YPSZ-
toughened a-Al2O3 or zirconia-toughened alumina (ZTA) com-
posites are currently considered the next-generation material for
prosthetic applications as well as for many applications where
3YPSZs have been used.18–28
ZTA composites offer toughening proportional to their
3YPSZ content.18–42 Unfortunately, the very properties that
render the a-Al2O3 component valuable also renders it difficult
to densify ZTA composites, e.g. a-Al2O3 has quite low self-
diffusion rates.42 Typical ZTAs contain r30 wt% (26 mol%)
3YPSZ. Compositions  30 wt% become increasingly more
difficult to densify due to these low diffusion rates.39,40 While
hot isostatic pressing (HIPping) can overcome these problems,
even HIPped ZTA densities are often o99%.34–36
Here, we report the use of (t-ZrO2)x(d-Al2O3)1x core–shell
nanopowders produced by liquid-feed flame spray pyrolysis
(LF-FSP)43–48 with average particle sizes (APSs) of 30–50 nm
(Fig. 1) to produce fully dense, ultrafine ZTA composites with
densities  99 at 54 unit mol% t-ZrO2 and with final grain sizes
o200 nm by pressureless sintering in air at 11201C. During
densification, the t-ZrO2 is retained whereas the original d-Al2O3
shell phase transforms to the a-Al2O3 phase below the normal
phase transformation temperatures (12001C). Furthermore,
simple stress tests by hand grinding demonstrate phase trans-
formation to the monoclinic phase demonstrating that these
ZTA materials offer toughening at zirconia loadings heretofore
impossible to process.
It appears that t-ZrO2@d-Al2O3 materials exhibit a novel
densification mechanism that allows facile processing of these
very important commercial materials requiring much less en-
ergy, equipment, and time-demanding conditions than ever be-
fore possible. Furthermore, it is now possible to greatly increase
the t-ZrO2 phase content implying the potential for much
greater toughness in these new ZTA ceramics. Both observa-
tions suggest that t-ZrO2@d-Al2O3 materials could greatly ex-
pand the utility of ZTA ceramics.
II. Experimental Procedure
(1) LF-FSP Processing of Powders
Ethanol solutions were prepared containing mixtures of the
precursors alumatrane, N(CH2CH2O)3Al, and Zr(OH)2
(O2CCH2CH3)2 at 1–3 wt% Al2O3 and ZrO2 in specific ratios
to produce (t-ZrO2)x(d-Al2O3)1x where x5 0.1, 0.3, 0.5, or 0.9.
These solutions were then aerosolized with oxygen at rates of
50–100 mL/min into a 1.5 m 30 cm diameter quartz tube and
ignited with methane pilot torches creating turbulent flames
wherein combustion temperatures reached 415001C at a point
approximately 20 cm along the tube. The combustion products
including the ceramic oxide nanopowder ‘‘soot’’ are quenched
with atmospheric makeup air such that temperatures drop to
3001–4001C at the end of the tube. The powders are captured in
aluminum wire-in-tube electrostatic precipitators maintained at
10 kV DC charge.
Dynamic light scattering (DLS) was also used to estimate
APSs of LF-FSP nanopowders. Suspensions of each nano-
powder in DI water (B1 vol%) were loaded in a compact
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goniometer system (ALV, Langen, Germany) equipped with a
multi-tau digital correlator (ALV-5000E, Langen). The laser
source had a wavelength of l05 0.488 mm (Innova 70C, Coher-
ent Inc., Santa Clara, CA).
X-ray diffraction (XRD) analyses were performed on a Rig-
akuMiniflex (Rigaku, TheWoodlands, TX). The diffractometer
is equipped with a Cu X-ray tube (CuKa1, l5 1.54059 Å) with
operating voltage of 30 kV and current of 15 mA. Scans were
performed continuously from 201 to 801 2y in 0.031 increments
at 21/min. The nanopowder samples were prepared by pack-
ingB100 mg into an amorphous silica holder and loaded into
the diffractometer. Scan data were analyzed using Jade 7.5 soft-
ware (Materials Data Inc., Livermore, CA) to determine APSs
and phases present.
Scanning electron microscopy (SEM) micrographs were ta-
ken using a Nova 600 Nanolab FIB/SEM (FEI Company, Hills-
boro, OR). About 1 mg of the nanopowder sample was first
dispersed in 5 mL of DI water using an ultrasonic horn (Vibra-
cell, Sonics and Materials Inc., Newton, CT) for 10 min. A drop
of the dispersion was placed on a SEM sample stub, which was
heated on a covered hot plate and the water was allowed to
evaporate. The stubs were then sputter-coated with B180 Å of
Au–Pd using a Technics Hummer VI sputtering system (Ana-
tech, Ltd., Alexandria, VA) to improve resolution.
(2) Transmission Electron Microscopy (TEM)
An analytical high-resolution TEM (Model 3011, JEOL, Osaka,
Japan) was used to measure the particle sizes and morphologies
of as-prepared powders. Powder samples were prepared by dip-
ping a holey carbon grid in a vial of emulsion with as-prepared
powder. The specimen was held in a Gatan double tilt gonio-
meter. An operating voltage of 300 kV was used.
(3) Fabrication of green bodies
As-produced LF-FSP powders (3.0 g) were dispersed with 5 mg
DARVAN C-N (R.T. Vanderbilt Company Inc., Norwalk, CT)
in 100 mL EtOH using a 500 W ultrasonic horn for 12 h fol-
lowed by sedimentation for 24 h. Then, 5 mg of PEG 3400 D
was added and ultrasonification continued for an additional 6 h.
The solvent was removed and the recovered powders were vac-
uum-dried (12 h/2001C), ground lightly (30 min), and sieved
through a 325 nylon mesh. This powder (600 mg) was pressed
(50 MPa) using a dual-action 12.5 mm WC die, then cold iso-
statically pressed at 200 MPa/6 h. The binder was removed by
heating to 8001C (11C/min/air/6 h dwell). The resulting pellets
were then weighed and their densities were analyzed using both
geometrical mean and Archimedes methods.
(4) Theoretical Density Calculations
The theoretical density values where computed using the known
values of the end members [d-Al2O3 (3.6 g/cm
3), a-Al2O4 (3.99 g/
cm3), and t-ZrO2 (6.05 g/cm
3)], the composition of the core–shell
materials produced, and interpolating using compositions in
mol% for the various samples.
(5) Dilatometry Studies
Dilatometry was run using a Theta Industries Dilatronic 6500
(Port Washington, NY) with a thermal expansion head under
mild compression. Data were collected from using LabView
program. Flat, square pellets, average 1.27 mm on a side, used
for the dilatometry runs were sectioned from 12.5 mm disks
made as above and placed between an alumina block and the
alumina push rod. Constant heating rate (CHR) experiments
were conducted with a heating rate of 51C/min to 14501C in
static air/oxygen.
a b
Fig. 1. Scanning electron microscopic images of (a) (t-ZrO2)0.13(Al2O3)0.87 and (b) (t-ZrO2)0.54(Al2O3)0.46 nanopowders.
Fig. 2. Transmission electron microscopic images of (t-ZrO2)0.54(Al2O3)0.46 nanopowders.
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(6) Grinding Ceramic Composites
The (t-ZrO2)0.54(a-Al2O3)0.45 sample sintered at 11201C was
used in an attempt to observe the tetragonal-to-monoclinic zir-
conia phase transformation, as the evidence of partially stabi-
lized zirconia. A portion of sintered (ZrO2)x(Al2O3)1x pellet
was cut with a diamond saw to a flat, square pellet, 0.5 mm on a
side and ground in an alumina mortar with an alumina pestle,
and XRD patterns of ground powders were recorded at the time
of the fracture and after 1, 5, and 10 min of grinding.
III. Results and Discussion
We begin by describing the synthesis and general characteristics
of our source materials. Thereafter, we discuss compact prepa-
ration and sintering conditions.
We have previously described the use of LF-FSP to synthe-
size a wide variety of nanopowders.43–48 In the current studies,
mixtures of the zirconium carboxylate, Zr(OH)2(O2CCH2
CH3)2, and alumatrane [Al(OCH2CH2)3N] were dissolved in
appropriate ratios in ethanol (see ‘‘Section I’’) at 1–3 wt% load-
ing (as ceramic) and aerosolized with oxygen into a quartz
combustion chamber. The aerosol was ignited using methane/
O2 pilot torches causing combustion temperatures 15001C.
External air was used to quench the combustion products 1.5
m along the chamber such that temperatures fall to 3001–4001C
resulting in unaggregated nanoparticles of essentially the same
composition as in the precursor solution.
Figures 1–3 provide SEMs, TEMs, and dynamic laser light
scattering (DLS) of t-ZrO2@d-Al2O3 core–shell powders.
48 The
SEMs are presented simply to demonstrate that over the range
of powders produced, the particle sizes are very similar and there
are no micrometer-sized outliers. The TEM d-spacings confirm
the XRD results showing a t-zirconia core in a d-Al2O3 shell.
The DLS data are provided to demonstrate that the LF-FSP
process provides powders free from aggregates, which would be
expected to present at least a bimodal size distribution.
One of the first papers on pressureless sintering of nanopow-
ders was published by Rhodes in 1981.49 In this work, Rhodes
describes the essentially complete densification (99.5%) of nano
(12 nm APS) 6YPSZ at 11001C with final AGSs of 200 nm. In
complementary work,50 we recently prepared nano-a-Al2O3
with APSs of 30–40 nm and were able to pressurelessly sinter
them to 99.5% density with final AGSs of 400 nm but only
on heating to temperatures 413501C. Given that the
(t-ZrO2)0.54(Al2O3)0.46 shell is d-Al2O3, a defect spinel, these
materials might be expected to sinter to full density at much
lower temperatures than nano-a-Al2O3 and certainly without
HIPping, as is a common practice for most ZTAs.
(1) Sintering studies
The sintering behavior of debindered 8001C pellets (see ‘‘Section
I’’) was first assessed via dilatometry as shown in Figure 4,
which indicates that densification begins just above 10001C.
Note that binder burnout was performed at 8001C to be con-
sistent with previous studies.51 Significant densification occurs in
Fig. 3. Dynamic light scattering data of (t-ZrO2)0.54(Al2O3)0.46 nano-

















Fig. 4. Dilatometry plot of (ZrO2)0.54(Al2O3)0.45 compact ramped at
51C/min/air to 14251C/no dwell (average of six different runs).
Table I. Relative Densities of (ZrO2)0.54(Al2O3)0.46 Pellet
Versus Final Dwell Temperatures
Processing conditions Relative densityw
Before binder burn-out 0.46
After binder burn-out 0.51
Heat to 10701C (101C/min/air) 0.83
Heat to 11201C (101C/min/air) 0.99
Heat to 11251C (101C/min/air) 0.99
Heat to 11451C (101C/min/air) 0.99
Heat to 12001C (101C/min/air) 0.99
wDensity measurements were carried out using the Archimedes method. Aver-
age of three measurements.









































Theoretical density of: t-zirconia5 6.05 g/cm3; d-alumina5 3.60 g/cm3; a-
alumina5 3.99 g/cm3. It is important to recognize that in nanosized powders and
in nanostructured materials because of the significant volume fraction of grain
boundaries, the use of theoretical densities can only approximate the true densities
of these composite materials.
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the section labeled Stage 2 as witnessed by the very steep slope
associated with a high rate of shrinkage at 11001C. These re-
sults suggest that our initial concept that the d-Al2O3 shell would
sinter first was correct. Based on these studies, we selected ramp
rates of 101C/min/air, final dwell temperatures and times of
10501–12001C, and 6 h. Tables I and II results suggest that full
density is achieved at 11201C, as might be expected from the
Fig. 4 data.
(2) Microstructures of Composites
Figure 5 shows the original surfaces of pellets sintered at selected
temperatures including the Fig. 4 dilatometer sample as
Fig. 5(a). This sample appears dense with AGSs  1 mm indi-
cating excessive grain growth in the Fig. 4 stage 3 region, above
13001C. At 12001C, Figs. 5(b) and 6(a) (polished surface) show
AGSs for the surface and substructure of only 500 nm at full
density. At 11201C, Figs. 5(c) and 6(b) show AGSs of 200 nm
and a fully dense microstructure after polishing using diamond
media.
At 10701C, Fig. 6c, the final composite is not fully dense,
matching Table I density data (0.83). Figure 4 suggests that it
might be possible to completely densify samples at this temper-
ature but with longer dwell times or by HIPping, which could
lead to still finer microstructures. In contrast, Fig. 7 shows an
HR-SEM of the final microstructure of a pellet made from a
50:50 (mol:mol) t-ZrO2 and d-Al2O3 nanopowders using the
same experimental procedure as discussed below. As can be
seen, very little if any densification is observed under sintering
conditions essentially identical to the (ZrO2)0.54(Al2O3)0.46 pel-
lets of Fig. 5. This further supports our contention that the core
shell system offers unexpected benefits not anticipated from the
literature nor even using our own powders separately. These re-
sults receive additional support from the Fig. 8 XRD data.
The Fig. 8 data indicate that the t-ZrO2 transforms tom-ZrO2
at temperatures411201C. However, Table I, Figs. 6(c),and 5(c)
all demonstrate that at 11201C, the fully dense composites that
retain the t-ZrO2 phase are obtained. One observation that
deserves comment is the fact that sintering to 11251C rather
than 11201C leads to significant transformation to m-ZrO2. Be-
cause the dwell time at temperature is 6 h, one might suggest
that nucleation of the tetragonal-to-monoclinic transformation
is difficult at this temperature but once some nucleation occurs,
it can act to seed the transformation process. This would explain
the seemingly rather abrupt nature of the behavior observed as a
consequence of an approximate 51C change in processing tem-
perature. It is also important to note that the dilatometry studies
clearly indicate a very steep change in densification rates at these
temperatures, which also likely contributes to the observed
results.
Because of the very large relative index of reflectance (RIR)
differences between ZrO2 and Al2O3 in the XRD, we resorted to
spot-by-spot XRD analyses in specific 2y1 regions to identify the
Al2O3 phase in the 11201C sample (Fig. 9). By comparing the
(012), (113), and (116) peaks with those of an a-Al2O3 standard
(PDF 71-1124), we find that a-Al2O3 is the primary phase in the
11201C nanocomposites.
As discussed in part above, for comparative purposes we
prepared identical compacts frommixtures of LF-FSP produced
t-ZrO2 and d-Al2O3 using identical procedures (Fig. 7). At
11201C, we observe final densities of 0.8970.02 and 100% con-
version (by XRD) to m-ZrO2. One conclusion is that the shell
preserves the tetragonal phase during processing, perhaps by
acting as a compressive coating.
(3) Phase Transformation Toughening
Given that we observe a high proportion of t-ZrO2 in our
11201C composites, we assessed the potential for transforma-
tion toughening via hand grinding. Samples were hand ground
using an Al2O3 mortar and pestle for 1, 5, and 10 min. As per
Fig. 10, the amount of m-ZrO2 increases with increases in grind-
ing time. After 10 min of grinding, the wt% of monoclinic phase
is close to 50%.
As noted above, most reported ZTA composites contain a
maximum of 30 wt% (26 mol%, 24 vol%) YPSZ with final
a b c
Fig. 5. As-produced surfaces of (ZrO2)0.54(Al2O3)0.46 pellets heated to; (a) 51C/min/air to 14251C/no dwell (scale bar 1 mm); (b) 101C/min/air to
12001C/6 h dwell, and (c) 101C/min/air to 11201C/6 h dwell.
a b c
Fig. 6. High-resolution scanning electron microscopy of (ZrO2)0.54(Al2O3)0.46 pellets heated to; (a) 101C/min/air to 12001C/6 h dwell, polished surface,
(b) 101C/min/air to 11201C/6 h dwell, polished surface, and (c) 101C/min/air to 10701C/6 h dwell (unpolished), (scale bar 400 nm).
712 Journal of the American Ceramic Society—Kim and Laine Vol. 93, No. 3
densities o96% and micrometer-sized grains.11–16 In contrast,
our fully dense ZTA composites with 60 wt% (54 mol%, 42
vol%) t-ZrO2 with grains o200 nm can be expected to offer
much improved fractured toughness by the increase in ZrO2
volume fraction (up to 42 vol%) for potential structural appli-
cations.
Several closing comments provide an important perspective
to the above data. One might argue that because the proportion
of t-ZrO2 used in the current studies is greater than in the cited
studies, the higher densification rates at lower temperatures ob-
served might be expected given the work of Rhodes.49 However,
Magnani and Brillante describe sintering studies on both 60
wt% a-Al2O3:40 wt% 3YPSZ and 50 wt% a-Al2O3:50 wt%
2YPSZ wherein it was observed that these samples required
heating at 14501 for 1 h to achieve 99.2%–99.8% densities.
Samples from the same study were also HIPped yielding some-
what higher densities. HIPped samples showed slightly greater
hardness but lower toughness because of partial transformation
to the monoclinic phase. Also important is that samples with
only 2 wt% yttria yielded higher toughnesses (8 vs 6 MPa m0.5)
than those with 3 wt% and retained 100% tetragonality under
the same processing conditions. Final AGSs were 200–300 nm
whereas HIPped samples were 50% larger. Thus, it appears that
we can achieve similar densities, smaller grain sizes, and retain
the tetragonal phase without added yttria at temperatures 3001C
less than in this study.
Two further pertinent publications from Srdić et al.51,52 de-
scribe flame synthesis of very fine, 5 nm APS ZrO2 powders
doped with 3, 5, 15, or 30 mol% Al2O3. The authors report that
the surface-doped 3 mol% material is 20% monoclinic with the
remainder being either the cubic or tetragonal phase. These au-
thors prepared compacts of the various powders and sintered
them at temperatures up to 11001C. They found that the pure
zirconia powders were sintering to full density at 10001C, which
was 1001C below that found by Rhodes.49 However, they found
that the presence of even 3 mol% Al2O3 coatings made it much
more difficult to sinter to full density and at 15 and 30 mol%
Al2O3, they were unable to sinter to full density even at 11001C
with the same grain sizes. They argue that the presence of Al2O3
surface coatings significantly reduces sintering rates. Given that
their materials had AGSs closer to 5 nm rather than the 30–50
nm found in this study would suggest that they should observe
sintering to full density at these temperatures. They suggest that
a solid solution forms between the alumina and zirconia at these
particle sizes inhibiting densification. It is important to point out
Fig. 7. High-resolution scanning electron microscopy of pellet from a
50:50 (mol:mol) mixture of liquid-feed flame spray pyrolysis t-ZrO2 with
d-Al2O3 nanopowders heated at 101C/min/air to 11201C/6 h dwell. Scale
bar is 500 nm.

























1120 mixed source powder
(none core-shell)
Fig. 8. X-ray diffractions of (ZrO2)0.54(Al2O3)0.46 powders, and pellets heated to selected temperatures.
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that they did not describe the Al2O3 phase formed although it
seems likely that it would be the same as what we see. Given that
we see essentially complete densification at 11201C with larger
APS, we again suggest that the LF-FSP-derived materials are
quite unique allowing the following conclusions.
IV. Conclusions
In this study, we demonstrated that it is possible to pressureless
sinter (t-ZrO2)0.54(d-Al2O3)0.46 core–shell nanostructured nano-
powders to produce fully dense ZTA nanocomposites with
 99% densities and final grain sizes o200 nm at 11201C.
We were further demonstrated full densification while retaining
the tetragonal phase without the need for yttria stabilization at
t-ZrO2 contents of 54 mol% (60 wt%) at much lower temper-
atures than used previously.18 We also observe the transforma-
tion of the shell d-Al2O3 to a-Al2O3 at temperatures below the
normal phase transformation temperature of 12001C. Finally,
simple hand grinding demonstrates that these materials will
offer the expected transformation toughening.
These results suggest an entirely new mechanism for process-
ing ceramic composite materials through the use of core–shell
powders wherein the shell consists of a ceramic (or glass) phase
with a much higher rate of self-diffusion. At a minimum, this
approach offers the potential to obtain a wide range of fully
dense ZTA composites without HIPping and using much milder
processing conditions than normally required for much lower
t-ZrO2 content ZTAs.
The potential to extend this approach to a variety of other
materials exists. Thus, we expect our fully dense nanostructured
ZTA composites to offer superior strength and fracture tough-
ness (as suggested by the work of Magnani and Brillante18),
thermal shock resistance, and thus potential for structural and
especially biomedical applications. Overall, the resulting ultra-
fine and nanocomposites from the above materials but especially
ZTA are expected to provide both greatly improved mechanical
properties for diverse applications.1–41
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